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TECHNICAL SUMMARY

Fundamental mode Rayleigh waves with periods ranging from about 0.2 to 2.5 scc
(Rg) arc often observed on seismograms of explosions and very shallow-focus
carthquakes in New England as well as in other parts of the world. The Rg phase is
particularly prominent on vertical componcnt scismograms of quarry blasts. In this
study, I investigated Rg waves gencrated by small carthquakes and explosions
recorded at stations of the New England Seismic Network (NESN) opcrated by Weston
Obsecrvatory. The strongest Rg signals recorded by the NESN arc gencrally in the
period range of about 0.5 to 1.5 sec. In that period range Rg displacement is
esseniially confined to depths of about 1 to 5 km, with most of the Rayleigh wave
cnergy in the upper 2 or 3 km. Thus, sources deeper than about 4 km would not be
expected to generate strong Rg signals; and so, if Rz can be clearly identified on a
seismogram, the source is most likely very shallow. Observed Rg waves can,
therefore, be used to discriminate very shallow-focus cvents from deeper cvents,
provided that the Rg phasc can be identificd and distinguished from other recorded
phases.

The objectives of this study were: (1) to study the characteristics of Rg waves
recorded in New England and therefore determine how to identify Rg on a
scismogram and how to distinguish it from other rccoided phasecs: and (2) to comparce
amplitudes of Rg waves recorded from cvents at various depths with amplitudes of
other recorded phases, such as P and Lg. A major part this study involved
devcloping a method for identifying Rg waves and distinguishing them from other
rccorded phases. That mcthod involves mecasuring amplitudes of scismic wave
cnergy at particular periods and arrival times using a narrow bandpass filter
analysis. The appropriate periods and arrival times are chosen for different phascs,
and amplitude ratios arc formed to cstimatc the relative amount of cnergy recorded
for different phases.

The results of testing this narrow bandpass filter method on a sample of
carthquakes, quarry blasts and refraction blasts in New England indicatc that at
NESN stations, Rg appears to be hmited primarily to the frequency band of 0.7 to 2.0
Hz, and Rg arrives with group velocities between about 2.2 and 3.3 km/sec. It is
generally difficult to distinguish Sg waves from Lg waves on NESN scismograms
because at the high frequencies that are recorded (about 3.0 to 12.0 Hz), the Sg and Lg
waves arrive as a rather complicated wave train with group velocitics between about
3.0 and 3.7 km/scc. The term "Lg", used in this report, refers to this complicated "Sg
and Lg" wave train. An Rg/P ratio and an Rg/Lg ratio arc cstimated by forming the
ratios of amplitudes of cncrgy in the appropriate group velocity - frcquency
windows. The Rg/Lg ratio appecars to be a better measure of the presence of Rg on a
scismogram than thec Rg/P ratio. Most of thc Rg scismograms analyzed in this study
have been from distances of less than 130 km from the source. This distance
limitation is duc primarily to the small size of most quarry blasts recorded in New
England (mpLg ~1.0 to 1.5) and to the relatively low dynamic range and narrow-band
rcsponse of the NESN instruments. Quite often, none of the regional phases arc very
well recorded at distances beyond about 150 km from these small cvents. For the
largest quarry blasts, however, Rg has bcen recorded at distances up to about 170 km,
and if an cvent is clearly recorded at that distance, the Rg/Lg ratio method appcars to
work as well as it docs at shorter distances. Higher-quality stations with broader-
band response and greater dynamic range should be able to detect Rg waves at cven
grcater distances, cspecially frem morc cnergetic sources.
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ABSTRACT

Fundamental mode Rayleigh waves with periods between about 0.4 and 2.5 sec
(Rg) are often observed on scismograms of explosions and very shallow-focus
carthquakes. The Rg phase is particularly prominent on scismograms of quarry
blasts. In this study, Rg waves generated by small carthquakes and cxplosions in
New England are investigated to evaluate the cxtent to which Rg waves can be used to
cstimate depths of events in the upper crust. The data were rccorded by the New
England Scismic Network (NESN) operated by Weston Observatory. The strongest Rg
signals recorded by the NESN arc gencrally in the period range of 0.5 to 1.5 sec. In
that period range, Rg displacement is cssentially confined to the upper 5 km of the
crust, with most of the Rg wave energy in the upper 2 or 2 km. Sources decper than
about 4 km would not be expected to gencrate strong Rg signals at these periods; and
so, if Rg can be clearly identified on a scismogram, the source is most likely very
shallow. Observed Rg waves can, thercfore, be used to discriminate very shallow-
focus events from dceper ecvents, provided that Rg can be identified and
distinguished from other phases.

A method for identifying Rg waves at distances up to about 170 km is presented
in this paper. Rg is identified and distinguished from other phases by mecasuring
amplitudes at particular pericds and arrival times using a narrow bandpass filter
analysis. Rg/P and Rg/Lg ratios arc cstimated by forming thc ratios of amplitudes in
the appropriatc group vclocity - frequency windows on vertical component
scismograms. The phase referred to as "Lg" is actually a complicaicd wave train
recorded on short-period scismograms that travels with group velocitics appropriate
for S and Lg waves. An Rg/Lg ratio appcars to be a betier measure of the presence of
Rg on a scismogram than an Rg/P ratio. Observed Rg/Lg ratios arc uscd to estimate

depths of two earthquakes recorded by the NESN.
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INTRODUCTION

Fundamental mode Rayleigh waves with periods ranging from about 0.4 to 2.5 sec
(Rg) arc oftcn observed on scismograms of explosions and very shallow-focus
carthquakes in New England as well as in other parts of the world. Since Rg is a
fundamental mode surface wave, it is not surprising that near-surface and very
shallow-focus sources gencrate strong Rg signals. Based on the principles of surface
wave and body wave ecxcitation, Bith (1975} proposed that' Rg could be used as a depth
discriminant for cvents recorded at local and regional distances. The principles
underlying the use of Rg as a depth discriminant arec that Rg amplitudes arc very
dependent on source depth, while amplitudes of other recorded phases such as Pg and Sg
are, on average, less dependent on depth. Although thesc principles are straight
forward, applying them to actual data can be problematic because of the complexity of
short-period local and regional scismograms.

In this paper, I investigate seismograms of earthquakes and explosions recorded
in New England to cvaluate the extent to which Rg waves can be used as a depth
discriminant for regionally recorded events.  Specifically, observed amplitudes of Rg
waves recorded by the New England Seismic Network (NESN; Figure 1) are compared with
the amplitudes of cther recorded phases to test how effectively such comparisons work
as a depth discriminant.

The strongest Rg signals recorded by the NESN are generally in the period range
of about 0.5 to 1.5 sec (Figurc 2). In that period range, Rg displacement is essentially
confincd to depths of about 1 to 5 km, with most of thec Rayleigh wave energy in the
upper 2 or 3 km (Figurc 3). Thus, sources decper than about 4 km would not be expected
to gencrate strong Rg signals: and, if Rg can be clearly identified on a seismogram, the
source is most likely very shallow. The task of dcveioping a method for using Rg as 2
depth discriminant is therefore (to a large extent) a matter of developing a method for

identifying the Rg phase =and i<tingaishing % from other phases.
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As with other regional discriminants, therc are a number of reasons why using
Rg as a depth discriminant is not as simplc as the underlying principles suggest. For
example, Rg waves are likely to expcrience significant attenuation resulting from low Q
material in the shallow crust. In addition, the radiation patterns of Rg are likely to be
asymmetric for carthquakes (and possibly also asymmetric for some quarry blasts).
Thus, the lack of observed Rg waves is not nccessarily indicative of a deep source. In
spite of such problems, this paper illustrates that, at least in arcas of New England where
this study was conducted, Rg waves do have practical value as a depth discriminant. In
practical situations, Rg might be used as onc of several regional discriminants, none of
which are likely to be without their own shoricomings.

Most of the sources in this study were quarry blasts and small carthquakes
recorded in southern New England. A few additional sources were refraction blasts
dctonated in Mainc during 1984 by the U.S Geological Survey. Locations and origin

times of thc sources analyzed in this study are listed in Tables 1 and 2.

CHARACTERISTICS OF Rg WAVES RECORDED IN NEW ENGLAND

Although local and regional phases recorded by the NESN are gencrally quite
complicated, the Rg phase is often a relatively simple, dispersed wave train.  This
dispersion appears to bc caused by low scismic velocities in the upper few km of the
crust--presumably duec to weathering of shallow crustal rocks (c.g. Bih, 1975; Kafka and
Doilin, 1985; Kafka and Reiter, 1987).

Figurc 2 shows seismograms and amplitude spectra from three quarry blasts and
one carthguake recorded in New England at distances ranging from 36 to 74 km. The Rg
phasc is prominent on the scismograms of the quarry blasts, but it is absent on the

scismogram of the carthquake. The ecarthquakc had a fairly well-constrained depth of




about 5 km (scc below), and the lack of an Rg wave is consistent with the idea that the
carthquake was too deep to gencrate significant Rg wave energy.

The prominent spectral peaks located between about 1.5 and 0.5 sec (0.67 and 2.00
Hz) in Figures 2(a)-2(c) are characteristic of NESN seismograms of quarry blasts. Thesc
spectral peaks were interpreted by Filipkowski (1986) and Kafka (1987) as characteristic
of Rg waves. If a low-frequency spectral peak is indeed characteristic of Rg, one way to
identify Rg on a seismogram would bec to calculate an amplitude ratio that compares
amplitudes in that low-frequency band with amplitudes in other frequency bands. Such
an amplitude ratio discriminant is simple and straight forward to apply, but it ignores
some of the ecxpected characteristics of the seismograms. In particular, differences in
arrival times of various rcgional phases and the dispersion of Rg should be considered as
part of the identifying characteristics of regional phases.

In this paper, 1 suggest a method of identifying the Rg phase that takes into
account the arrival times of Rg and other regional phases. The method involves
comparing amplitudes in the part of the seismogram where the Rg wave energy is
cxpected to arrive with amplitudes in the part of the seismogram where P, S and Lg wave
energy is expected to arrive. The amplitudes in the various arrival time windows are
measured for specific periods using a narrow tandpass filter {(NBF) analysis (Dzicwoenski
et al., 1969).

For many of the scismograms analyzed in this paper, the paths were from areas
where the shallow crust has a relatively simple siructure and where there is relatively
minor lateral variation in shallow crustal structurc. Indecd, one of the reasons for
choosing the parts of New England uwseé¢ for this study was that they consist of relatively
simple shallow crustal structures {and relatively low topography). More complex
structure  and ecxtensive opugraphic teliei snowid cause scattering of Xg and might
convert Rg into body waves and other ivpes of serface waaes (e.g. McLaughlin and Jih,

1987). The Rg waveforms in . «ch 2 segiea would be more compies, and the amount of Rg
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cnergy (relative to other phases) at a given distance from the source would be less. It is
therefore important to recognize that, strictly speaking, the results of this study can
only be applied to regions where characteristics of Rg wave propagation are well-

known.

EXCITATION OF Rg WAVES FOR SOURCES BURIED
AT VARIOUS DEPTHS IN THE UPPER CRUST

The idea of using Rg as a depth discriminant is based on the principle that, for
periods necar 1 sec, the energy of fundamental mode Rayleigh waves is concentrated in
the upper few kilometers of the crust. Figure 3 shows displacement versus depth for the
vertical component Rg wave calculated for a model of the upper crust in New England.
Similar calculations were performed using numerous (flat-layered) models, and the
results suggest that displacement versus depth of Rg is not very dependent on
differences in upper crustal structure. Thus 1 assume, for the purpose of this study, that
a recasonable cstimate of the crustal structure in a given arca is sufficient for estimating

the level of excitation of Rg for sources buried at varying depths.

To test the idea of using Rg as a depth discriminant on actual data, it is important
to identify cvents with well-constrained depths recorded at a range of distances and
azimuths.  JFdentifying such events was one of the difficult parts of this study. The
relatively sparsc distribution of stations and the low level of carthquake activity maxe it
difficult to find earthquakes in the study arca that arc recorded by scveral nearby
stations. Two carthquake sequences for which good depth csiimates were available from
aftershock surveys are the 1987 Moodus, CT earthquakes and the 1985 Ardsley, NY
carthquakes. In this study. the Moodus earthquakes are assumed to be 1.6 km deep. and
thc Ardsley earthquakes arc assumed to be 5.2 ki deep (scc Table 2). Other cvents in this
study arc quarry and refraction blasts (which arc known to occur at the surface) and

scveral carthquakes whose depths are poorly constrained.  Although these earthquakes

6




may have occurred almost anywhere in the upper half of the crusit (e.g. Ebcl and Kafka,

1989), thcy arc obviously buricd a2t some depth below the surface.

USING NARROW BANDPASS FILTER ANALYSIS TO IDENTIFY Rg

This scction presents a method of identifying Rg and comparing Rg amplitudes to
ampiitudes of P, S and Lg waves recorded on the same seismogram. In this method,
amplitudes are mcasurcd at particular periods and arrival times using an NBF analysis.
Figure 4(a) shows an NBF analysis of a seismogram with a very orominent Rg wave as
well as prominent arrivals in the S and Lg arrival time windows. Since S and Lg waves
arc difficult to separatc at these distances and frequencies, the notation "Lg" will (in the
remainder of this paper} refer to the cntire wave train from the onset of the S wave to
the end of the $ and Lg coda, and S and Lg arec analyzed as one (complicated) wave train.

The seismogran: shown in Figure 4(a) has high amplitudes in both the Lg and Rg
arrival time - frequency windows. The situation is different for the scismogram in
Figurc 4(b) where Rg has much larger amplitudes than Lg. In the example shown in
Figure 4(c), the cvent is too deep to generate significant Rg energy, so the shaded area is
limited to where Lg is cxpected to arrive.

The scismogram of the Erving, MA ecarthquake (Table 2) recorded at station WES
has a small (but obscrvable) Rg wave. An NBF analysis of that seismogram is shown in
Figurc 5(a). Relatively high amplitudes are observed in both the Lg and t(.c Rg parts of
the vclocity-period plane of the Erving, MA - WES scismogram.

These examples suggest that the ratios of Rg amplitudes to Lg or P wave amplitudes
can be cstimated by narrow bandpass filtering cach seismogram and then taking the
ratios of amplitudes within the appropriate velocity-period windows. To do this, it is
nccessary to csuimate the group velocity dispersion of Rg waves in the arca being

investigated.




Rg Dispersion in New England. One of the reasons for choosing New England for
this case study is that group velocity dispersion of Rg waves is fairly well-known in that
rcgion (c.g. Kafka and Dollin, 1985; Kafka and Reiter, 1987; Kafka, 1988). Figurc 5(b)
shows a summary of results of Rg dispersion studics in southern New England (SNE),
where most of the Rg investigations conducted at Weston Obscrvatory have taken place.
Results for northern New England arc not as complete as those shown in Figure 5(b), but
Rg dispersion results are available from a study of southeastern Maine (Kafka and
Reiter, 1987). In that study, we found evidence for lateral anisotropy in the shallow
crust, and although the relationship between geology and Rg dispersion is quite
different in Maine than in SNE, the total range of Rg group velocities is approximately
the same in both regions.

There appear to be systematic regional differences in Rg dispersion in New
England (sce Kafka and Reiter, 1987 and Kafka, 1988 for more dectailed discussions of this
topic). Taking such regional variations into account should ultimately help in
identifying the Rg phase, but for the purpose of this paper such an approach would
yicld a very small number of observations for a given sub-region. While it would have
been casier to identify the appropriate arrival time window for Rg waves if the study
was limited to paths within a specific sub-region, such an approach would have severely
limited the number of scismograms available for this analysis. Although I did exclude
paths across the Hartford dispersion region where group velocities arc very low
(presumably due to glacial sediments overlying Mesozoic sedimentary rocks), I
considered the full range of observed group velocities for all crystalline basement paths
when attempting to identify the expected arrival times of Rg waves. This made it
possible to classify all of the secismograms from this study into only two subsets, onc

subsct for carthquakes and another for blasts (Tables 3 and 4).
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Calculating Rg/Lg and Rg/P Ratios. This section describes how I estimate the
ratio of Rg amplitudes to amplitudes of Lg and P waves using an NBF analysis. The
amplitudes arc entered into a matrix [Figure 5(c)], with a given cell representing the
amplitude at a particular point on the velocity-period plane. All amplitudes in the cells
labelled P are averaged to give an ecstimate of the average P wave amplitude. Similarly,
the amplitudes in the cells labelled Lg and Rg are averaged to give an estimate of the
average Lg and Rg amplitudes, respectively. In addition, the cells corresponding n~ a
given wave type arc scarched to find the maximum amplitude for each wave type. The
following four ratios arc then calculated (see Tables 3 and 4):

(1) Rg/Lg (AV) = Rg(average)/Lg(average)

(2) Rg/P (AV) = Rg(average)/P(average)

(3) Rg/Lg (MAX) = Rg(maximum)/Lg(maximum)
(4) Rg/P (MAX) = Rg(maximum)/P(maximum)

The specific choice of which cells to use for each wave type is, of course,
empirical.  Expected arrival times and periods for Rg waves are based on the range of
observed group velocities discussed above. Expected arrival times and periods for Lg and
P waves arc based on the range of first arrival velocitics and the frequency content for
cach of those phases that is typically observed in New England.

Figure 6 shows histograms of the logarithm of all four ratios calculated from
seismograms of blasts (zero depth) and from seismograms of the Ardsley, NY
carthquakes (5.2 km dcpth). The only ratio for which there is no overlap between the
populations for the blasts and the carthquakes is Rg/Lg (AV). Thus, the Rg/Lg (AV)
ratio appears to be the best of the four ratios to use as a measure of the presence of Rg on
a seismogram.

The obscrvation that an Rg/Lg ratio appears to be a better mecasure of the
presence of Rg on a scismogram than an Rg/P ratio is consistent with the results of

Langston (1987). He calculated synthetic scismograms for sources at various depths in a




layered half-space model of the upper crust, and measured Rg, S and P amplitudes from
the synthetic scismograms., Langston found that the Rg/S ratio was a more robust
measure of source depth than the Rg/P ratio.

Based on this analysis of the blasts and the Ardsley, NY ecarthquakes, I decided to
use Rg/Lg (AV) as a measure of the presence of Rg wave cnergy on a seismogram. In
the discussion that follows, the notation "Rg/Lg" is used to refer to Rg/Lg (AV).

Figures 7 shows histograms of the logarithm of the Rg/Lg ratios for blasts and for
the Moodus, CT; Erving, MA; and the Boxboro, MA ecarthquakes, respectively. All of the
ratios for the Moodus, CT ecarthquake overlap with those of the blasts. That is not
surprising, since that carthquake is known to be very shallow. The average value of
Rg/Lg for the Moodus earthquake (0.93) is lower than the average value for the blasts
(2.50), which is consistent with the 1.6 km depth of the earthquake.

The Erving, MA earthquake ratios do not overlap with those of the blasts, and the
average value of Rg/Lg was 0.22 for that earthquake. These ratios for the Erving, MA
cvent are almost as low as those of the Ardsley, NY earthquakes (average Rg/Lg = 0.16),
which may indicate that the Erving, MA carthquake was more than a few km deep.
However, the presence of a low amplitude Rg wave on the scismogram recorded at WES
(Figure 5) implics that the depth of that earthquake was probably less than about 4 km.

The Boxboro, MA earthquake ratios cluster around the lower end of the ratios for
the blasts, and the average value of Rg/Lg for that earthquake was 0.86. These somewhat
higher values for the Rg/Lg ratio (similar to the wvalues found for the Moodus
earthquake) suggest that the Boxboro earthquake was a shallow ecveni. Also, scveral of
the scismograms of the Boxboro earthquake erhibited clearly recorded Rg waves (Figure

8), further indicating that this event was challow (perhaps no deeper than ahout 2 km).
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DISTANCE LIMITATION FOR Rg METHODS
AND TEST OF STATISTICAL SIGNIFICANCE

Most of the scismograms discussed in this paper were recorded at distances of less
than 100 km, and a few were recorded as close as 17 km from the sources. If Rg is to be of
practical value as a depth discriminant, it is important to ask how close a station must be
to the scurce in order to use Rg as a depth discriminant. One point to be noted in this
regard is that the quarry blasts discussed in this paper are quite small (mpLg ~1.0 to 1.6),
so that none of the scismic phases are recorded very far from the source. Figure 8(a)
shows seismograms of two of the larger quarry blasts from this study. For those blasts,
Rg and other phases were recorded at distances of 155 and 168 km. For both of the
seismograms in Figure 8(a), the Rg/Lg ratio (1.34 and 1.96) is lower than the average
value of all the Rg/Lg ratios for blasts (2.50), but is about the same as the average of the
Rg/Lg ratios determined from stations that were at least 50 km from the blasts (1.58).

Once a blast is known to have occurred at a particular quarry, its location is
known accurately. Earthquakes, on the other hand, must bc large enough to be recorded
at many stations in order to be located accurately enough to be used in this study. Thus,
the earthquakes in this study were generally larger than the quarry blasts, and the
epicentral distances for the carthquakes were, on average, larger than for the blasts.
Figure 9 shows the distribution of epicentral distances for the ecarthquake and blast
seismograms. In an effort to analyze secismograms at a similar range of distances, I
attempted to find as many seismograms of blasts as possible that were recorded at greater
distances.

Also shown in Figure 9 is the Rg/Lg ratio for the blasts as a function of distance
from thc source, along with a best fitting least squares line. Certainly there is a trend
downward, which is probably due to a greater :uss of Rg wave energy than Lg wave
cnergy at the greater distances. However, it appecars that this distance effect has not
nbscured the identification of Rg to a very large cxtent, since all of the scismograms of
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the Ardsley, NY ecarthquakes (5.2 km depth) had values of Rg/Lg that were lower than
the values found for the blasts [Figure 6(a)]. The two samples shown in Figure 6(a)
included stations as far away as 129 km for the earthquakes and 168 km for the blasts.

The effect of distance on the Rg/Lg ratios appears to be much less significant in
the distance range of 50 to 170 km [Figure 9(d)]. Thus it seems appropriate to compare
Rg/Lg ratios determined from seismograms of blasts recorded in the 50-170 km distance
range to the data set of Rg/Lg ratios for earthquakes (all of which were recorded within
the 50-170 km range). Although this procedure lowers the number of ratios that can be
analyzed for blasts to only 24 samples, it is desirable to compare blast and earthquake
ratios from a distance range within which Rg/Lg does not appear to be very dependent
on distance.

A statistical analysis was used to test the difference between the Rg/Lg ratios for
the entire data set of carthquakes and the Rg/Lg ratios for the data ser of blasts recorded
in the 50-170 km distance range. Since all of the earthquakes occurred at some depth
below the surface and all of the blasts occurred ai zero depth, one would expect that, if
the Rg/Lg ratio is a measurc of the presence of Rg waves, the carthquake ratios should
generally be lower than the blast ratios. 1 used a non-parametric test (the Mann-
Whitncy U-test) that does not require the assumption that the distributions of ratios are
normally distributed (Hinkle et al.,, 1979). The null hypothesis was that the median of
the carthquake ratios was thc same as the median of the blast ratios, and the alternative
hypothesis was that the median of the earthquake ratios was lower. Applying the Mann-
Whitney test to cvaluate the statistical significance of the difference between the
medians of the earthquake and blast ratios, I found that the median of the Rg/Lg ratios

for carthquakes is lower than that for blasts at the 99% confidence level.
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ESTIMATING DEPTH FROM Rg/Lg RATIOS

The ultimate goal of this study is to develop a method for estimating depths of
regionally recorded sources from observed amplitudes of Rg and other phases. This
scction presents a method for estimating depth that is based on the Rg/Lg ratios
discussed above. The approach taken here is similar to that of Béath (1975), although his
observed rados werc based on trace amplitudes rather than spectral amplitudes.

Let r(h) represent the average Rg/Lg ratio for an carthquake at depth h, and let
r(0) represent the average ratio for sources located at the surface. The specific value of
rth) for a given carthquake will depend on a number of factors (in addition to depth)
including:  the level of excitation of the different wave types that are generically
referred to as "Lg", the attcnuation (and geometrical spreading) of the different wave
types that contribute to the Rg/Lg ratio, the range of azimuths and distances at which
recordings are available, the focal mechanism, and the instrument response. For the
purpose of this case study, I am assuming that (in the 50-170 km distance range) all of
the factors contributing to the average Lg wave amplitude are, on average, not very
dependent on depth (provided that data are available at a range of azimuths). However,
the Rg amplitude varies by more than order of magnitude between events located at the
surfacc and events at about 5 km depth (Figure 3). Furthermore, I assume that the
variation in Rg amplitude with depth is approximately characterized by the 0.8 sec
displacement-depth cigenfunction.  Since the eigenfunction is normalized to be 1.0 at
the surface, the observed ratios are normalized by dividing them by r(0) (1.58 in this
case), and the resulting values (Table 5) are referred to ry(h). If f(h) is the
cigenfunction, then an approximation to rp(h) will be:

ra(h) = f(h) +K (1)
where K is the value of ry(h) for an event deeper than 5.0 km. K is likely to be greater

than zero because there is probably some energy in the various arrival time -
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frequency windows even when no Rg wave is present.  For this illustration, I use 0.10
(the average Rg/Lg ratio for the Ardsley, NY carthquakes) as an cstimate of K.

The depth of an earthquake can therefore be estimated by finding the value of h
that satisfies equation (1). For the ecarthquakes in this case study, the depths estimated

from the Rg/Lg ratios using equation (1) are given in Table 5.

DISCUSSION AND CONCLUSIONS

As is clear from the cxamples described above, there are some practical problems
associated with using Rg as a depth discriminant. Nonetheless, regional seismograms
are generally complex, and it is unlikely that zny regional discriminant will work in all
cases. It does, however, seem clear that, at least in the parts of New England where this
study was conducted, Rg waves have some practical value as a depth discriminant.

The ratio determined by dividing the average amplitude in the Rg wave arrival
time - frequency window by the average amplitude in the Lg wave arrival time -
frequency window was the best measure that I was able to find for determining whether
Rg is present on a seismogram. For the Ardsley, NY earthquakes, all of the secismograms
yielded an Rg/Lg ratio that was lower than any Rg/Lg ratio found for biasts, which is
consistent with the 5.2 km depth of those carthquakes. The Moodus, CT earthquake
yiclded Rg/Lg ratios that overlapped with the ratios determined for the blasts, which is
consistent with the 1.6 km depth of that carthquake. Thus, at lcast in these two cases, the
observed scismograms are generally consistent with what might be cxpected from the
thcory of surface wave and body wave excitation. In addition, using all scismograms
recorded in the 50-170 km distance range, the difference in Rg/Lg ratios for blasts and
earthquakes was found to be statistically significant at the 99% confidence level.

Bascd on equation (1), the Boxboro, MA and Erving, MA carthquakes were found to
have depths of 1.2 and 3.0 km, respectively. These depths werc determined from five

14




stations at distanccs of 75 to 136 km for the Boxboro ecarthquake and from five stations at
distances of 85 to 121 km for the Erving ecarthquake.  With that type of station
distribution, it would not be possible to consirain such shallow depths based on arrival
times of P and S waves. For such cases, some type of body waveform discriminant, such
as the sP method described by Langston (1987) would also be helpful.

In regions where thers is more complex structure in the shallow crust and where
there is a great deal of topogriphic relicf, Rg might not be as good a discriminant as it
would be in New Engiand. Just how complex an area would have to be to totally rule out
the use of Rg as a depth discriminant can only be determined by performing similar
analyses in other regions. However, in any region where ecevent depth must be
determined from a limited number of seismic observations, it scems that some mecasure of
the presence (or abscnce) of Rg wave cnergy on scismograms should be considered as a

possible depth discriminant for events in the upper crust.
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TABLE 1

QUARRY AND REFRACTION BLASTS
(1.0 <mpLg < 1.6)

Code Location Date Origin Time RMS Lat Long
LTl Littleton, MA 07/15/87 196:18:59:55.345 * 42.555 71.521
LT13  Littleton, MA 06/11/85 162:18:47:20.1 .22 42,555 71.521
1.T17  Littleton, MA 10/24/85 297:16:22:58.0 .25 42.555 71.521
NB2 North Branford, CT 07/01/85 182:14:29:59.6 .25 41.333 72.767
NB6 North Branford, CT 08/27/85 239:14:45:00.8 .39 41.333 72.767
RG1 Reed Gap. CT 08/31/85 243:14:30:04.2 .25 41471 72.735
RG4 Reed Gap, CT 08/06/85 219:14:20:004 .29 41.471 72.735
RGS Reed Gap, CT 07/17/85 198:14:49:58.0 .23 41471 72.735
MB04 Maine - SP#4 10/18/84 292:06:02:00.007 * 44763 69.796
MB06 Maine - SP#6 09/25/84 269:05:33:00.006 * 44.462 69.232
MBG7 Maine - SP#7 10/04/84 275:04:03:00.009 * 44,327 68.980
MBi5 Maine - SP#15 10/18/84 292:04:20:00.007 * 44.977 69.593
MB16 Maine - SP#16 10/18/84 292:06:060:00.007 *  45.107 69.382

* timcd blasts
SP = Shet Point
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TABLE 2

EARTHQUAXKES 3
Location Date Origin Time RMS Lat, Long Depth mc* mN* mpLg a
(Code) .
Ardsley, NY 10/19/85 292:10:05:45.35 0.33 40.994, 73.787 5.2 2.4 ,
(ARDF, foreshock) E
Ardsley, NY 10/21/85 294:10:37:1491 0.14 40981, 73.842 5.2% 3.0 2.9 'i
(ARDA, aftershock) 7

Boxboro, MA 10/15/85 288:20:00:38.64 0.40 42.540, 71.458 ? 2.9 3.1
(BXBR)

A
5

Erving, MA 06/14/84 166:20:56:33.93 0.54 42.590, 72.400 ? 24 2.7 2.1
(ERVG)

Moodus, CT 09/11/87 254:14:46:33.97 0.20 41.529, 72.447 1611 2.9 24
(MDUS)

* my and mc are local magnitudes that are used for reporting magnitudes of
carthquakes recorded by seismic networks in the northcastern U.S. my is calculated

from amplitudes of high-frequency Lg waves, and mg¢ is calculated from signal

duration. mN and mc tend to overestimate mpLg by a few tenths of a magnitude unit
(Kafka, 1988).
1 Average depth from aftershock survey reported by Locke (1985). E
11 Midrange of depths from aftershock survey of Mrotck ct al. (1988). 33
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TABLE 3
Rg/Lg AND Rg/P RATIOS FOR BLASTS
Event-Station Distance Rg/Lg(AV) Rg/P(AV) Rg/Lg(MAX) Rg/P(MAX)
(km)
LT1-MD1 136.0 1.73 3.05 2.30 3.59
LT1-MD2 136.8 0.41 0.47 0.48 0.52
LT1-MD3 140.5 1.23 1.61 0.98 1.43
LT1-MD4 142.8 1.06 1.51 1.75 1.45
LT1-NSC 122.4 1.88 2.52 2.29 3.04
LT1-QUA 71.0 1.04 1.87 2.14 2.52
LT1-WES 25.0 3.69 4.84 7.23 10.00
LT13-NSC 122.4 3.24 4.15 3.40 4.72
LT13-QUA 71.0 1.31 2.55 2.24 3.61
LT13-WES 25.0 10.67 9.40 11.56 8.73
LT17-MD3 140.5 1.90 2.33 3.02 3.21
LT17-QUA 71.0 3.91 3.87 4,99 5.22 ;
LT17-WES 25.0 13.52 13.46 13.30 18.32 |
MB04-HKM 17.3 1.64 2.18 1.26 1.56 7
MB06-HKM 39.0 2.51 1.48 6.67 1.33
MB07-HKM 63.9 0.56 0.95 1.02 1.45
MB15-MIM 52.6 1.12 3.19 1.46 5.74
MB16-MIM 31.0 0.56 1.57 1.05 2.49
NB1-BCT 62.6 1.32 1.02 1.52 0.79
NB2-HDM 27.1 2.87 6.88 2.02 6.37
NB2-MD1 355 4.25 14.65 3.13 6.61
NB2-WES 168.0 1.34 2.94
NB3-BCT 62.6 1.67 1.35 2.35 1.58
NB4-BCT 62.6 1.75 1.49 3.08 1.29
NB6-MD1 35.5 7.79 14.58 4.85 12,30
NB6-NSC 81.0 3.15 2.97 4.04 3.25
RG1-HDM 17.6 1.24 1.47 0.54 1.21
RG1-MD1 24.0 4.13 9.02 2.30 5.30 .
RG1-NSC 73.6 1.70 3.44 1.19 2.01
RGI1-UCT 57.0 2.21 3.15 2.28 3.75
RG2-BCT 62.5 0.71 1.55 0.34 0.95
RG4-BCT 62.5 0.37 0.21 0.49 0.19
RG4-HDM 17.7 2.10 2.40 0.77 1.09 .
RG4-UCT 57.0 1.56 3.21 0.84 3.51
RG4-WES 155.0 1.96 1.78 2.55 2.02
RG5-HDM 17.7 0.42 0.71 0.15 0.47 -
RG5-MD1 24.2 1.72 5.26 0.98 1.91
RGS5-NSC 74.0 0.73 1.71 0.65 1.40

Average Rg/Lg(AV) Ratio = 2.50
Average Rg/Lg(AV) Ratio (for Distances > 50 km) = 1.58
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TABLE 4

Rg/Lg AND Rg/P RATIOS FOR EARTHQUAKES

Event-Station Distance Rg/Lg(AV) Rg/P(AV) Rg/Lg(MAX) Rg/P(MAX)

(km)
ARDF-BCT 62.5 0.11 0.55 0.05 0.68
ARDF-ECT 99.6 0.13 0.42 0.09 0.33
ARDF-MD3 124.3 0.27 0.46 0.25 0.35
ARDA-BCT 63.7 0.19 0.83 0.14 1.29
ARDA-ECT 100.8 0.10 0.43 0.12 0.60
ARDA-MD3 129.0 0.13 0.20 0.21 0.16
BXBR-MD1 136.2 0.95 3.03 1.02 3.69
BXBR-MD3 140.5 0.67 1.47 0.72 1.15
BXBR-NSC 120.6 0.93 2.66 1.23 3.82
BXBR-QUA 74.6 1.05 2.30 2.26 1.44
BXBR-UCT 100.6 0.72 1.38 0.58 1.19
ERVG-HDM 123.1 0.12 0.28 0.14 0.29
ERVG-MD1 115.3 0.33 0.76 0.25 0.44
ERVG-NSC 131.3 0.19 0.34 0.08 0.09
ERVG-UCT 85.1 0.17 0.53 0.14 0.17
ERVG-WES 91.2 0.33 0.89 0.33 1.02
MDUS-BCT 87.0 0.39 1.55 0.50 2.26
MDUS-NSC 50.0 2.34 11.5 2.42 7.83
MDUS-QUA 103.0 0.58 1.19 0.56 0.83
MDUS-WES 133.0 0.43 1.45 0.26 0.88
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TABLE 5

ESTIMATING DEPTH FROM Rg/Lg RATIOS

Event(s) Depth Average Rg/Lg Ratio Normalized r(h) Depth
(km) r(h) m(h) (from Rg/Lg)

Ardsley, NY

Earthquakes *5.2 0.16 0.10 -

Moodus, CT

Earthquake *1.6 0.93 0.59 -

Boxboro, MA

Earthquake ? 0.86 0.54 1.2

Erving, MA

Earthquake ? 0.22 0.14 3.0

Blasts

50<x<170km 0.0 1.58 1.00 -

* from aftershock survey
x = distance

24




FIGURE CAPTIONS

FIGURE 1: (a) Stations of the New England Scismic Network (NESN) operated by
Weston Observatory. (b) Approximate amplitude response curve for the NESN
stations. Most of the stations arc operated with gains of ecither ~100 or ~200

counts/micron at 1 Hz. (c¢) Stations of the Moodus, CT seismic array

FIGURE 2: Examples of vertical component seismograrns and spectra from this study.
(a) North Branford, CT quarry blast recorded at station MD1, (b) Reed Gap, CT quarry
blast recorded at station UCT, (c) Reed Gap, CT quarry blast recorded at station NSC,
and (d) Ardsley, NY carthquake recorded at station BCT. These spectra (as well as the
spectra from other events discussed in this paper) have not been corrected for
instrument response because the instruments all have similar responses [Figure

1(b)] that cnhance the frequency range of the signals.

FIGURE 3: (a) Models of the shallow crust in New Engiand. CEB is the Chiburis et al.
(1977) refraction model of southern New England. EH is the Eastern Highlands modecl
of Kafka and Dollin (1985) determined from trial-and-error fitting of Rg dispersion
data in southern New England. BADR is the model of Kafka and Reiter (1988)
determined from lincarized inversion of Rg dispersion data in the "Bronson-Avalon"
dispersion region in southern New England (see Kafka, 1988). (b) Displacement-
depth ecigenfunctions for vertical component of Rg waves calculated for the BADR
crustal model shown in (a). These eigenfunctions were calculated using the method

of Saito (1967).

FiGURE 4 {a) Marrow bandpass filter analysis of seismogram recorded from Reed
G:p, CT quarry blast at station UCT. The seismogram is narrow bandpass filtcred

about a scries of center frequencics, and the results are shown on the left as a
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contour plot of group veloecity vs. period. The vertical axis is amplitude; each unit of
amplitude in this contour plot represents a difference of 2 db. Shaded areas indicate
highest amplitudes. (b) Narrow bandpass filter analysis of scismogram rccorded
from North Branford, CT quarry blast at station MDI. (c) Narrow bandpass filter

analysis of seismogram recorded from Ardsley, NY ecarthquake at station BCT.

FIGURE 5: (a) Narrow bandpass filter analysis of seismogram from the Erving, MA
earthquake recorded at station WES. On the left is a plot of grcup velocity vs. period.
The vertical axis is amplitude; each unit of amplitude in the contour plot represents a
difference of 2 db. Shaded areas indicate highest amplitudes. (b) Mean and standard
deviation of Rg group velocities for paths contained within three different
dispersicn regions in southern New England.  These statistics are summarized in
Kafka (i988). (c) Illustration of method of calculating Rg/Lg and Rg/P ratios from

narrow bandpass filter analysis. U is group velocity in km/sec, and T is period in sec.

FIGURE 6: Histograms of log of Rg/l.g and Rg/P ratios for quarry blasts and for the
Ardsley, MY earthquakes. (a) and (b): Ratios determined from calculating the
average amplitude in the arrival time - frequency windows appropriate for each
specific phase. (c¢) and (d): Ratios determined from calculating the maximum
amplitude in the arrival time - frequency windows appropriate for each specific

phase,

FIGURE 7: Histograms of log of Rg/Lg ratios for (a) quarry blasts and for (b) the

earthquake. These ratios were determined from calculating the average amplitude in

the arrival time - fiequency windows appropriate for each specific phase.
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FIGURE 8: Seismograms of (a) two of the largest quarry blasts recorded in southern
New England @ 155 and 168 km, and (b) the Boxboro, MA earthquake showing clearly

recorded Rg waves.

FIGURE 9: (a) Histogram of distances for (a) carthquakes in this study and for (b)
blasts in this study. (c¢) Rg/Lg ratio as a function of distance from the source for
blasts in this study. Also shown is a least-squares regression linc and the
corresponding correlation coefficient (r). (d) Same as (c) but excluding distances

less than 50 km.
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